The stepwise two-step two-color and three-step three-color laser excitation schemes are used for selective population of rovibronic levels of the first-tier ion-pair E0 
I. INTRODUCTION
Collision-induced non-adiabatic transitions (CINATs) play a fundamental role in the gas-phase kinetics and dynamics of highly excited molecular electronic states. They are responsible for radiative emission and energy transfer in the atmosphere, energy pooling, and conversion in laser media, relaxation phenomena in chemiluminescence processes, plasma formation, and in many other situations where electronically excited states are involved. [1] [2] [3] [4] [5] An understanding of collision-induced non-adiabatic dynamics is also essential for interpretation and modeling of various photoinitiated processes in clusters, liquids, and solids, where the role of intermolecular interaction is greatly magnified through the formation of solvation shell(s) and multiple collisions between a molecule and a solvent.
The ion-pair (IP) states of halogen molecules Hal 2 provide unique system for understanding the principal features of the CINATs. These states are arranged in four narrow manifolds (tiers) nested by similar potential energy curves that form a very dense rovibronic structure. The first IP tier correlates with the Hal + ( 3 P 2 ) + Hal − ( 1 S 0 ) asymptote and consists of six states, D 2 g , β1 g , E0 + g , D0 + u , γ 1 u , and δ2 u , in order of increasing T e .
The history of active studies on the CINATs between the IP states began in the 1970s after the observation of D → A 2 u lasing action in molecular iodine induced by optical populaa) Author to whom correspondence should be addressed. Electronic mail:
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tion of high vibrational levels of the D state at high buffer gas pressures. 6, 7 Unfortunately, the kinetic analyses were based on the "one-level, one-way" approximation, in which all the rovibronic levels of each IP state within the tier were treated as a single level and the secondary collision processes were neglected (see, e.g., Refs. 8 and 9).
Significant experimental and theoretical attention have been paid to the CINATs from the gerade E and the secondtier f 0 Improved experimental arrangement and procedure of calibration of the spectral sensitivity function of the condenser/monochromator/detector system (see Sec. 5.4.2 of Ref. 22 for details) more perfect as employed earlier [10] [11] [12] [13] [14] [15] Measurements carried out at the I 2 (E, v E = 8, 13) vibronic levels show that rate constants of the I 2 (E, v E = 8, The remainder of the paper is organized as follows. Section II outlines the experimental technique and calculation procedure used in the present work. The comparisons between the CINATs from the E and D states as well as rate constants of the I 2 (E, v E I 2 (X) − −−− → D) CINATs obtained in this and earlier works constitute the main focus of Secs. III and IV. Section V contains summary and conclusion.
II. EXPERIMENTAL
A detailed description of experimental apparatus for measurements of the excitation and luminescence spectra has been given in Refs. 10-15, 21, 22 , and 24 and references therein. We used the Quantel system consisting of YG981C Nd:YAG and two tunable dye TDL90 lasers. The dye lasers were pumped by the λ f /3 = 354.8 nm (TDL2, study of CINATs from the E,v E = 8, 13 and D,v D = 13, 18 vibronic levels) and λ f /2 = 532.2 nm (TDL2, study of CINATs from the E,v E = 23-54 vibronic levels) harmonics of the Nd:YAG laser. The TDL1 laser was pumped by the λ f /2 = 532.2 nm harmonic. Time duration of the laser pulses was ≈8 ns, and their spectral width was ≈0.3 cm −1 (YG981C, λ f ) and ≈0.07 cm −1 (TDL90, λ 1 , λ 2 ), according to manufacturer's specification. To populate selected rovibronic levels of the I 2 (D) state, we employed the three-step three-color, hν 1 + hν f + hν 2 , excitation scheme. 24 The λ 1 pump wavelength was tuned to the selected B,
J 0 transitions occur (the 0 + g state correlates with the third dissociation limit of the valence states, I( 2 P 1/2 ) + I( 2 P 1/2 ) (bb), λ f = 10 644.0 Å),
Population of selected rovibronic levels of the I 2 (E) state was achieved using the standard two-step two-color, hν 1 + hν 2 , OODR excitation scheme
see Refs. 10-15, 21, and 24 and references therein. The λ 1 and λ 2 wavelengths used to realize these pathways of excitation and dyes utilized are presented in Table I . The counter-propagating, temporally overlapped λ 1 , λ f , and λ 2 unfocused laser beams, ∼6 mm in diameter, were directed through the ≈400 cm 3 six-way stainless steel chamber equipped with blackened baffles and light traps. It was usually evacuated up to ≈10 −4 Torr before each series of measurements. The chamber was filled with iodine vapor up to selected pressures from a reservoir containing solid iodine when we studied CINATs in pure iodine vapor. All the measurements with the I 2 + H 2 O mixtures were carried out at constant iodine pressure corresponding to iodine saturated vapor pressure at ambient temperature. Water vapor was added to the chamber from a reservoir containing liquid water up to selected total pressures. Pressures were measured by a 1 Torr temperature-controlled 627D01 TBC1B Baratron gauge equipped with PR400B-F5V8 controller (MKS Instruments) connected directly to the chamber. Uncertainties of partial pressures measurements depend mainly on adsorption and desorption process on the chamber walls. They do not exceed 5% in experiments with pure iodine vapor and 10% in experiment with the mixtures.
The luminescence spectra were measured through the side window in the direction perpendicular to the laser beams.
The λ 1 and λ 2 wavelengths were determined by comparing the experimental spectra of the I 2 (B, v B , J B → X, v X , J X ) luminescence excitation with the calculated I 2 (B ← X) absorption spectra. The calculated spectra had an estimated wavelength accuracy of ±0.01 Å and agreed well with the literature data. 25 The spectroscopic constants and/or potential curves from the following sources: X state, 26 B, 27 D, 29 were used for the experimental data analysis. Dipole moment functions for the D-X and E-B transitions were taken from Ref. 24 and for the E-A and E-B from Ref. 29 .
Procedures of measurements of luminescence spectra and determination of CINAT rate constants as well as VDs of the E 
and
respectively, M = I 2 (X), were determined from the integrated luminescence intensities I(D → j) and I(E → i) of the I 2 (D → j) and I 2 (E → i) emissions as
respectively. Here, j = X, a , 0 + g (ab) and i = B, A, B , are valence state to which optical transitions from the D and E states, respectively, occur. We measured radiative lifetimes of the
, from which the CINATs were studied (see Sec. III A). Then we calculated Einstein coefficients of optical transitions from these states . Nevertheless, one would believe that its intensity is much lower than that of the one-electron high frequency D → X transition. The D → X spectra are overlapped with the E-A and E-B , 29 and we simulated the D → X spectra to determine their total intensity.
To diminish influence of water vapor stripped from the chamber walls upon measured rate constants, integral intensities were determined by quick, during ≈1-2 h, measuring luminescence spectra with rather poor, FWHM = 20 Å, resolution and the steps 10 Å.
To determine rate constants of non-adiabatic transition induced by collisions with
, ratios of integrated luminescence intensity from the collisionally to optically populated states were measured as function of the H 2 O pressure at constant p I 2 = 0.27 Torr one (see details in Sec. III D). Linear low-pressure portions of the plots were only used to obtain the rate constants. Note that in this range the CINATs proceed under the singlecollision conditions, and the secondary processes due to subsequent collisions can be safely neglected,
The vibrational distributions were determined for CINATs from the E,v E
states. We measured luminescence spectra in the λ lum = 2200 -4500 Å spectral range where the Radiative lifetimes of all the optically populated I 2 (E,v E and D,v D ) states and their quenching rate constants were measured (see below). The MSO4054 oscilloscope (Tektronix) was utilized. A part of the λ 2 laser radiation was directed to a photoresistor used as a triggering source for the oscilloscope. The temporal histories of the luminescence were recorded and averaged in total time-scale ≈1 μs with 0.4 ns step. Linearity of the output with the luminescence intensity had been examined. The method of kinetic analysis of the temporal histories of luminescence intensities has been described in Refs. 31 and 32. In this work, it was carried out by the way similar to that described in these references. v E = 0 one. Maybe, the reason of this difference is admixture of water vapor in iodine in experiments carried out in Ref. 19 .
Total rate constants of CINATs plus quenching 
−−− −− → D) CINATs
We measured the I 2 (E, v E I 2 (X) − −−− → D) CINAT rate constants in wide v E = 8-54 vibronic level range to compare them with those obtained in our laboratory earlier. 10, 13, 23, 36 Rate constants of the I 2 (E, v E I 2 (X) − −−− → D) CINATs are low in the cases of non-resonant transitions. Therefore, special attention was concentrated on influence of ASE and water impurities upon measured rate constants. To determine effect of ASE, we measured the I 2 (D,v D → X) spectra at energy density of the λ 2 laser pulse in the range ≈ 1-0.01 mJ/pulse · cm 2 at v E = 8, 28, 32 vibronic levels and p I 2 = 0.27 Torr. Two spectra are presented in Fig. 2 . The spectra measured at v E = 8 and = 0.13 and 0.01 mJ/pulse · cm 2 are identical. One sees that ASE leads to higher population of the D, v D = 10 vibronic level having highest FCF, and this effect is negligibly low at λ 2 energy density less than 0.13 mJ/pulse · cm 2 . We observed no ASE at v E = 28, 32 vibronic levels.
To determine, how water impurity affects measured rate pressures. Then we evacuated carefully the chamber, filled it with new iodine vapor up to the saturated vapor pressure, and decreased iodine pressure up to ≈0.05 Torr by means of its pumping out. The D, v D → X, and E, v E → B spectra were measured at selected iodine vapor pressures again (Fig. 3) . If concentration of the stripped water vapor changes during measurements, the slopes of these dependences as well as their values at p I 2 = 0 have to be different.
One sees that slopes of the "pressure up" and "pressure down" dependences are the same for each selected rovibronic states. Values of the
Torr. The concentration of water admixture depended on "history" of the chamber. It was the largest when we evacuated the chamber for ∼20 h after filling it with air. All other data were obtained after evacuation of the chamber for several days since the chamber used in our experiments had large volume, ≈400 cm 3 , and were equipped with blackened baffles and light traps. The 28, 32, 35, 44, 54 and luminescence spectra measured after excitation of these vibronic levels with FWHM = 5 Å can be found in the supplementary material of this paper. 35 Averaged rate constants of the I 2 (E, v E = 8-54 
−−− −− → E, v E ) CINATs
All the measurements were carried out at low energy density of the λ 2 laser pulse, ≈0.1 mJ/pulse · cm 2 . Besides, the E state vibronic states having large FCF with the optically populated D, 13 and 18 lie higher than the latter (Fig. 5) . Therefore, ASE does not affect measured CINAT rate constants in these cases. Rate constant of these CINATs (Table III) (Fig. 6) .
Therefore, we used the λ lum ≈ 4050-4350 Å spectral range to obtain integrated luminescence intensity of the E, v E , J E → B luminescence spectra (see Fig. 6 ← → D, 13), since in the latter case energy mismatches are high, E ≥ 15 cm −1 . Besides, rate constants of collisional population of non-resonant vibronic states have to be much less than those for E, 13 and D, 18 (see Refs. 10, 11, and 14 and references therein). Results of measurements confirm these statements (Table III and One of the spectra in the λ lum = 2700-3540Ǻ measured with high spectral resolution and used for the VD determination (Fig. 5) is presented in Fig. 8 .
We observed luminescence in the λ lum = 3300-3440 Å spectral range also. It cannot be assigned to the 
−−− −− → D) CINAT rate constants presented in this and previous works
The k
dependence has resonance character similar to found in our laboratory earlier 10, 23 ( Fig. 4) . One should also note that the k I 2 (E,v E → D) values increase with v E due to increase of the I 2 (E -D) dipole moment 37 and, consequently, probability of the well as Ref. 20 and earlier, especially for v E = 8 (Fig. 4) . What are possible reasons of their differences?
1. The first one is inaccuracy in calibration of the spectral sensitivity function of the condenser/monochromator/detector system in the λ lum ≈ 2200-3300 Å spectral range carried out when we were working on Refs. 10 and 23. This inaccuracy can be due to incorrect calibrations of deuterium-neon lamp and/or diffuse reflecting screen utilized. Maybe, there were some inaccuracies in calibration and/or measurement procedures carried out in our laboratory.
Since 2010, we use method of calibration of the spectral sensitivity function of the condenser/monochromator/detector system more perfect than earlier and utilize light sources and diffuse reflecting screen calibrated with high accuracies (see Sec. 5. = f (p I 2 ) dependences, and, one would think, should obtain true rate constant values. Unfortunately, they carried out procedures of degassing of the reservoir containing solid iodine by means of its evacuation at liquid N 2 temperature. Probably, H 2 O vapor was absorbed at iodine crystals during these procedures, and, in fact, the authors filled the chamber with mixtures of I 2 and H 2 O vapors. In that experiments, the In the present experiments, we evacuated the reservoir at room temperature, so iodine crystals were free of absorbed water. Rate constants of the I 2 (E, v E = 8, 13 − −−− → D) CINATs cannot be explained in frameworks of points 1, 2. Maybe, there were some inaccuracies in calibration of amplifiers utilized in measurement procedure in these references.
